Iron is an essential nutrient for the survival of most bacteria in the host.
1) The ability of pathogens to acquire iron from the host is crucial to establishing infection, but in the biological system the level of free iron is very limited, and consequently pathogenic bacteria have developed several mechanisms to obtain iron from host environments.
2) Most bacteria assimilate iron from host high-affinity iron-binding proteins by using siderophores, low molecular weight iron-chelating molecules that interact with bacterial membrane receptors to transport iron into the bacterium.
3) Iron can also be obtained from free heme or hemoproteins through the secretion of hemophores, proteins that extract heme from the complex and deliver it to the receptor of the outer membrane. 4, 5) Heme is then transported into the periplasm by a TonB system, 6) and finally across the cytoplasmic membrane by an ATP-binding cassette (ABC) system. 7) Heme can also be acquired from hemoproteins by a hemophore-independent mechanism that involves a specific outer membrane receptor that directly extracts heme from hemoproteins. 8) Photobacterium damselae subsp. piscicida is a Gramnegative, extracellular pathogen, and the causative agent of fish pasteurellosis.
9) The natural hosts of the pathogen are a wide variety of marine fish. The disease has caused significant economic losses to fish culture both in Japan, where it affects mainly yellowtail cultures, and in the Mediterranean area, where it strikes sea bream and sea bass farms.
10) The virulence of P. damselae subsp. piscicida is a complex, multifactorial process not yet fully understood. The apoptosis inducing protein of 56 kDa (AIP56) is a novel plasmid-encoded virulence factor of P. damselae subsp. piscicida, abundantly secreted by virulent strains, and responsible for the apoptogenic activity against sea bass macrophages and neutrophils.
11) Extracellular products and polysaccharide capsular material are also implicated in the virulence of the pathogen, and it has been shown that they are regulated by iron availability in this subspecies. [12] [13] [14] P. damselae subsp. piscicida is able to acquire iron from hemin and hemoglobin as unique iron sources in vitro, and this ability might play a role in the virulence of the bacterium in fish; 15) in fact iron limitation results in increased binding of hemin in virulent strains. 16) The genetic basis of the heme uptake system of the bacterium has been described, 17) but no characterization of this system at the protein level is available. Nine cluster genes are arranged in two operons, hutWXZ and tonBexbBDhutBCD. The tonBexbBD genes encode the three components of the TonB system, while hutBCD genes encode the periplasmic binding protein, the inner membrane permease, and the ABC-transporter ATP-ase. A gene coding HutA, the outer membrane heme receptor, is not linked to the other genes. A combination of the tonBexbBDhutBCD and hutA genes of P. damselae subsp. piscicida is necessary for the utilization of hemin as an iron source, as suggested by E. coli complementation studies. 17) The HutB amino acid sequence of P. damselae subsp. piscicida was compared to the protein homologs by Blastp, and showed identity ranging from 62 to 42% with periplasmic hemin binding proteins from other bacteria of the Vibrionaceae family, and a no-conserved N-terminal sequence. None of these proteins of closely related species have been biochemically characterized. ShuT from Shigella dysenteriae and PhuT from Pseudomonas aeruginosa are the only hemin-transport proteins in the periplasm that have been purified and characterized. [18] [19] [20] (GenBank accession no. EU595583) showed two mismatches at the nucleotide level as compared to the hutB sequence of the strain DI21. The deduced amino acid sequence of 298 aa was conserved, except for a Ser37Arg substitution. The NdeI-XhoI PCR fragment of hutB was cloned into pET21b expression vector (Novagen, San Diego, CA) encoding a C-terminal six histidine tag (His 6 -tag). The HutB-His 6 recombinant protein was expressed in E. coli BL21(DE3) by adding 0.4 mM IPTG and incubating this for 1 h at 37 C. The recombinant protein was deposited in inclusion bodies, and a double band having molecular masses of 30 and 33 kDa was visible, as judged by SDS-PAGE of soluble and insoluble fractions of E. coli cells (Fig. 1) . The recombinant protein was extracted from inclusion bodies and purified using TALON Superflow Metal Affinity Chromatography (Clontech, Mountain View, CA), as described previously. 21) After centrifugation, the cell paste was suspended in lysis buffer (5 mM imidazole, 20 mM phosphate buffer, 0.5 M NaCl, 3 mM -mercaptoethanol, pH 7.6) and lysed in an Avestin EmulsiFlex-C50 High Pressure Homogenizer at 20,000 psi. Inclusion bodies were pelleted and solubilized in a denaturating buffer containing 20 mM phosphate buffer, 0.5 M NaCl, 3 mM -mercaptoethanol, and 6 M urea, pH 7.6. After centrifugation, the resulting supernatant was applied to a cobalt-based Immobilized Metal Affinity Chromatography (IMAC) column (2:5 Â 10 cm). Protein refolding was achieved on the column using a 6-0 M urea linear gradient. Refolded soluble material was eluted with a 5-300 mM imidazole linear gradient. The purified fraction was dialysed into buffer containing 20 mM phosphate buffer, 0.5 M NaCl, 3 mM -mercaptoethanol, and 2.5% glycerol, pH 7.6. In this buffer, the protein did not aggregate even after thawing. Approximately 8.3 mg of HutB protein was purified from 1 liter of E. coli culture. The recombinant HutB protein was purified to homogeneity as a single band of approximately 30 kDa, as indicated by SDS-PAGE and Western blotting with polyclonal anti-HutB antibody (Fig. 1) . N-terminal sequencing of the recombinant purified protein, obtained at the University of Newcastle (Proteome Investigations@Newcastle, Newcastle Upon Tyne, UK), gave QNNDSRIIRA, corresponding to the mature form without the signal peptide. This result indicates that the E. coli system was able to process the HutB signal peptide of P. damselae subsp. piscicida. The signal peptide was cleaved between positions 28 and 29 of the amino acid sequence, as predicted by in silico analysis with SignalP. 22) The additional band of approximately 33 kDa in the insoluble fraction, urea treated, was also labeled by Western blotting with antiHutB antibody but this form did not bind to the purification column. The presence of two forms of the protein, apo-and holo-HutB, was ruled out by the denaturing conditions. Therefore, this form might be the full-length protein with the signal peptide.
The hemin binding properties of the HutB protein were revealed by spectrophotometric analysis, which is widely used to characterize hemin binding proteins. 18, 23, 24) The binding of the HutB-His 6 recombinant protein, purified as a free heme species as indicated by the absence of any absorbance in the visible region, to hemin was tested by incubating 5 mM protein with 10 mM hemin. The absorbance spectra were recorded from 200 to 800 nm by subtracting the absorption due to hemin in the buffer. The absorption spectrum of the ligand varied, and the appearance of a peak at 413 nm was indicative of a complex formation between hemin and HutB, since the maximum absorbance of free hemin was 394 nm (Fig. 2a) . To determine the protein-hemin ratio, succes- sive aliquots (2 ml) of 400 mM hemin were added simultaneously to the sample cuvette, which contained 5 mM HutB, and a reference cuvette containing buffer alone. Spectra were recorded 1 min after the addition of each hemin aliquot. Spectrophotometric titration showed a progressive increase in absorbance at 413 nm (Fig. 2b) . Plotting the spectral changes observed at 413 nm versus the hemin concentration yielded a saturation curve, and the data indicated that the HutB recombinant protein binds hemin in a 1:1 stoichiometry (Fig. 2c) . Scatchard analysis gave a linear plot with a binding affinity (K d ) of 10 mM (Fig. 2d ). K d s in the micromolar range have also been reported for the Serratia marcescens TonB-dependent heme receptor HasR and the Porphyromonas gingivalis outer membrane heme receptor HmuR. 4, 23) The affinity of P. damselae subsp. piscicida HutB to the ligand appears weaker than the periplasmic hemin binding protein PhuT of P. aeruginosa, 19) but the heme binding studies described in that work were based on a protein sample containing a fraction (approximately 50%) of the holoform. These experimental conditions might explain the differences in K d values. The K d of S. dysenteriae periplasmic hemin binding ShuT was not determined, due to resistance of the isolated wild-type protein to the complete removal of heme. a, UV-Vis absorption spectra of 10 mM hemin alone (broken line), 5 mM HutB protein alone (dotted line), and hemin-HutB complex (solid line). The maximum absorbance of free hemin at 394 nm shifts to a longer wavelength (413 nm) after binding of HutB to hemin. b, The absorption spectrum of hemin solution alone (10 mM) was measured (broken line); the absorption spectra of increasing concentrations of hemin (from 1.32 mM to 21.4 mM, at 1.32 mM increments) added to HutB-His 6 protein (5 mM) were acquired (solid lines). c, The hemin-binding curve generated by plotting the change in the absorbance versus the hemin concentration is shown. d, Scatchard plot analysis of HutB binding heme.
